Hereditary deafness is one of the most common disabilities affecting newborns. Many forms of hereditary deafness are caused by morphological defects of the stereocilia bundles on the apical surfaces of inner ear hair cells, which are responsible for sound detection. We explored the effectiveness of gene therapy in restoring the hair cell stereocilia architecture in the whirlin mouse model of human deafness, which is deaf due to dysmorphic, short stereocilia. Wild-type whirlin cDNA was delivered via adeno-associated virus (AAV8) by injection through the round window of the cochleas in neonatal whirler mice. Subsequently, whirlin expression was detected in infected hair cells (IHCs), and normal stereocilia length and bundle architecture were restored. Whirlin gene therapy also increased inner hair cell survival in the treated ears compared to the contralateral nontreated ears. These results indicate that a form of inherited deafness due to structural defects in cochlear hair cells is amenable to restoration through gene therapy.
INTRODUCTION
Deafness is the most common inherited sensory disorder, affecting 1 in every 1,000 births. 1 Although there are hundreds of syndromes that include deafness as one feature of a complex phenotype, approximately 70% of congenital deafness is nonsyndromic. More than 130 genetic loci have been linked to nonsyndromic hereditary hearing loss in humans, and more than 60 genes with causative mutations have been identified at these loci. 2 Children with hereditary hearing loss are often diagnosed early via infant hearing screening, and the current management options for these children include hearing amplification and cochlear implantation. While these interventions are effective in many cases, some children receive minimal benefits from them and continue to struggle with the physiologic and psychosocial impacts of deafness.
The delivery of corrective DNA into the inner ear offers the potential for restoring hearing in patients with hereditary hearing loss caused by mutations that affect the development and organization of stereocilia bundles protruding on the mechanosensory hair cells of the inner ear (Figure 1) . 3, 4 For example, mutations of MYO15A, which encodes the unconventional myosin 15A, result in non-syndromic deafness DFNB3. [5] [6] [7] MYO15A, an actin-based motor protein, is required for proper transport of several proteins, including whirlin, to the tips of stereocilia. [8] [9] [10] Whirlin is a PDZ-containing scaffold protein encoded by WHRN, and it is required for the development of the stereocilia bundle from microvilli that elongate and thicken on the apical surface of differentiating hair cells. [10] [11] [12] [13] Whirlin is also widely expressed in a variety of tissues, including the eye. 8, 13, 14 In humans, depending upon the allele, mutations of WHRN result either in nonsyndromic deafness DFNB31 or type 2 Usher syndrome, characterized by retinitis pigmentosa and sensorineural hearing loss. 15, 16 Two major isoforms of whirlin are found in the cochlea: the long and the short isoforms. 12 During early postnatal development, whirlin together with other type 2 Usher proteins is transiently present at the anklelink location in stereocilia. 17, 18 In mature hair cells, whirlin is localized to the tips of stereocilia. 8, 9, 19 The whirler (whrn wi/wi ) mouse is a naturally-occurring model of DFNB31. 20 Whirler mice have profound hearing loss as well as vestibular defects that result in circling and head-tossing behaviors. 20 The whrn wi mutation is a 592 bp deletion that creates a translation frameshift resulting in a complete loss of whirlin function. 12 Examination of inner ear morphology in whirler mice revealed abnormalities in hair cell stereocilia. [21] [22] [23] Hair cells from whirler (whrn wi/wi ) mice have significantly shorter and wider stereocilia compared to homozygous wild-type (whrn +/+ ) and heterozygous (whrn wi/+ ) mice. 22 In addition, hair cells of whrn wi/wi mice have aberrantly arranged supernumerary rows of stereocilia. Hair cell degeneration in whirler mice is first evident at the cochlear base approximately 30 days after birth (P30). 21 Thus, there is a 1-month window after birth during which the defect could be corrected prior to the permanent loss of hair cells. In this study, we examined whether a gene therapy approach in which wild-type copies of whirlin cDNA delivered using an adeno-associated virus serotype 2/8 (AAV8) vector to cochleas of whirler mice can restore normal hair cell stereocilia architecture and auditory function in these animals (Figure 1) .
RESULTS

Whirlin gene therapy restores whirlin expression in infected hair cells
In the normal adult mouse cochlea, whirlin is localized to the stereocilia tips of inner hair cells (IHCs; Figure 2a ). In contrast, the absence of whirlin in whrn wi/wi cochleas results in short and dysmorphic stereocilia bundles (Figure 2b) . To determine if whirlin gene therapy is sufficient to rescue stereocilia architecture and morphology in whirler mice, we surgically delivered AAV8-whirlin through the cochlear round window in adult mice. Our surgical approach is illustrated in Figure 1 . AAV8 was used as the vector for whirlin cDNA delivery because it infects inner and outer hair cells of the organ of Corti and is nonpathogenic in both mice and humans. 24 The long isoform of whirlin cDNA was used because it was previously shown to restore stereocilia morphology in vitro. 8 When AAV8-whirlin was delivered to cochleas of adult (~P30) whrn wi/wi mice, inner hair cells were primarily infected, as evidenced by the presence of whirlin expression at the stereocilia tips of a subset of these cells (Figure 2c) . In contrast, whirlin expression was not detected in the contralateral nonsurgical ear of the same animal (Figure 2d) . Despite the presence of whirlin expression at the stereocilia tips in adult animals, the infected whrn wi/wi stereocilia did not demonstrate improved morphology (Supplementary Figure S1) . For this reason, we decided to deliver AAV8-whirlin gene therapy to cochleas of neonatal (P1-P5) mice. The cochleas were examined by confocal microscopy 30-90 days later (Figure 2e ). All subsequent experiments were done in neonatal animals. Similar to our results in adult animals, AAV8-whirlin infected primarily inner hair cells, as evidenced by the presence of whirlin expression (Figure 2e and Supplementary Figure S2) . Again whirlin expression was not detected in cells of contralateral whrn wi/wi ears that did not receive AAV8-whirlin gene therapy (Figure 2f) . In AAV8-whirlin-infected hair cells, whirlin was observed at stereocilia tips (Figure 2e) , consistent with whirlin localization in control mice expressing endogenous functional whirlin (Figure 2a) . Whirlin expression was examined in infected whrn wi/wi inner hair cells at P30 (Figure 2g) , and it persisted until at least P90 (Figure 2h) . In whrn wi/wi cochleas that received AAV8-whirlin gene therapy during the neonatal period, 15 .3% of IHCs demonstrated whirlin localization at stereocilia tips in the basal turn, 16.2% in the middle turn, and 11.8% in the apical turn (Figure 2i ). The differences in the number of IHCs with whirlin expression among the cochlear turns were not statistically significant (P > 0.59). These data indicate that AAV8-whirlin-mediated gene therapy restored whirlin expression and localization at the tips of stereocilia in AAV8-whirlin-infected inner hair cells.
Whirlin gene therapy in neonatal mice improves hair cell stereocilia morphology
We measured inner hair cell stereocilia lengths in cochleas of whrn wi/wi mice that underwent AAV8-whirlin gene therapy at P1-P5. Stereocilia length is precisely controlled in normal control mouse cochleas, and stereocilia rows are arranged in an orderly fashion. Only stereocilia in the tallest row were measured. Because AAV8-whirlin did not infect every inner hair cell in any surgical cochlea, we were able to compare stereocilia lengths between AAV8-whirlin-infected versus neighboring noninfected inner hair cells in the same cochlea (Figure 3a) . Whrn wi/wi IHCs that expressed whirlin at the stereocilia tips had longer stereocilia than neighboring IHCs that did not express whirlin at the stereocilia tips (Figures 2e,g,h and 3a) . Some of the whirlin-positive stereocilia appeared fully restored in length while others were partially restored. The differences in stereocilia lengths between infected whrn wi/wi IHCs and their neighboring non-infected whrn wi/wi
IHCs were significant in all regions of the cochlea (P < 0.00001). However, on average, the stereocilia length in infected whrn wi/wi
IHCs remained shorter than that of normal control stereocilia (P < 0.001). The average length of IHC stereocilia that lacked whirlin expression at the stereocilia tips in the treated ears was similar to the stereocilia length in the contralateral nonsurgery ears throughout the cochlea (P > 0.05). The distribution of stereocilia lengths in infected whrn wi/wi IHCs in all regions of the cochlea is shown in Figure 3b . In normal controls, IHC stereocilia in the tallest row were >2 μm in length, and in the treated whrn wi/wi ears, 63% of the infected IHCs had stereocilia that were >2 μm in length. In contrast, stereocilia from neighboring noninfected whrn wi/wi IHCs (as well as virtually all stereocilia from IHCs in whrn wi/wi ears without surgery) were <2 μm in length (100 and 99%, respectively). These data indicate that whirlin gene therapy partially restores stereocilia length in infected whrn wi/wi IHCs, and in some cases, the stereocilia length was restored to normal.
We next analyzed stereocilia bundle architecture in cochleas of whrn wi/wi mice that received AAV8-whirlin gene therapy. Stereocilia in wild-type IHCs are arranged in two to three rows (Figure 2a ; also visible in Figure 5a ), whereas whrn wi/wi IHCs contain supernumerary rows of stereocilia (Figure 2b , arrowhead; also visible in Figure 5b ). In the control (wild-type and heterozygous) littermates, IHCs had two rows of stereocilia on average in the base, middle, and apex of the cochlea (Figure 3c ), whereas in whrn wi/wi mice, IHCs had on average five to six rows of stereocilia, depending on the cochlear region (Figure 3c) . Quantification of the stereocilia rows showed that after AAV8-whirlin gene therapy, whrn wi/wi IHCs with whirlin expression at the stereocilia tips had partial restoration of the stereocilia row number compared to the neighboring noninfected IHCs (Figure 3c ). This restoration of stereocilia bundle architecture was statistically significant throughout the cochlea (P < 0.0001). The average stereocilia row number in whrn wi/wi IHCs without whirlin expression at wi/wi mouse cochlea that received AAV8-whirlin at P2 and was examined at P30. An infected IHC and a neighboring non-infected IHC are indicated by white arrow and white arrowhead, respectively. (h) A whrn wi/wi mouse cochlea that received AAV8-whirlin gene therapy at P2 and was examined at P90. An infected IHC and a neighboring non-infected IHC are indicated by white arrow and white arrowhead, respectively. Whirlin expression at the tips of the stereocilia in infected IHCs persisted until at least P90. (i) The percentage of IHCs infected (IHCs demonstrating whirlin expression at stereocilia tips) in whrn wi/wi ears that underwent AAV8-whirlin gene therapy during the neonatal period. Error bars represent standard errors. All images were taken from the apical turn of the cochlea and were acquired at 63×. Scale bar = 10 μm. the stereocilia tips in the treated ears was similar to that of the contralateral nonsurgery ears throughout the cochlea (P > 0.05, Figure 3c ). These results indicate that AAV8-whirlin gene therapy is effective at reducing aberrant supernumerary stereocilia rows in whrn wi/wi IHCs, thus partially restoring stereocilia bundle architecture. Experiments in which a control virus (AAV8-GFP) was injected into whirler cochleas did not result in any restoration of stereocilia length or bundle architecture (Figure 4) . Thus, the changes in whrn wi/wi IHCs in response to AAV8-whirlin were a result of AAV8-whirlin gene therapy and were not due to AAV8 infection alone, the expression of GFP in hair cells, or a general effect of protein overexpression.
Scanning electron microscopy (SEM) was used to examine stereocilia surface structures in more detail and at greater resolution. In normal control ears, the stereocilia are arranged into two to three rows in a staircase pattern (Figure 5a) . In whrn wi/wi ears, the stereocilia are short and arranged in supernumerary rows (Figure 5b) . When AAV8-whirlin was delivered to the whrn wi/wi cochleas, we observed IHCs with longer stereocilia compared to neighboring IHCs, which had short stereocilia similar to those seen in whirler mice without gene therapy (Figure 5c,d) . In addition, the IHCs with longer stereocilia appeared to have restored stereocilia bundle shape and architecture with two to three stereocilia rows and a reduced number of rows of supernumerary stereocilia. In order to determine if the IHCs with longer stereocilia were infected with AAV8-whirlin, we sequentially performed fluorescent immunohistochemistry (visualized with confocal microscopy) and high-resolution structural analysis (SEM) on the same specimen (correlative SEM). 25 By comparing images of inner hair cells collected on the confocal microscope (Figure 5e ) with subsequent imaging of these same inner hair cells by SEM (Figure 5f ), we confirmed that whirler IHCs with long stereocilia were infected with AAV8-whirlin and had whirlin expression at their stereocilia tips.
Whirlin gene therapy increases inner hair cell survival
Hair cells in cochleas of whrn wi/wi mice undergo progressive degeneration and death starting at approximately P30. 12, 21 Hair cell death specimen after AAV8-whirlin gene therapy (from apical turn). The middle IHC (white arrow) was infected with AAV8-whirlin and has elongated stereocilia arranged in fewer rows (resembling the wild-type cochlea), while the adjacent two IHCs (white arrowheads) were not infected with AAV8-whirlin and have shorter stereocilia arranged in supernumerary rows (resembling bundles from whrn wi/wi mice). This confirms that the whrn wi/wi IHCs with elongated stereocilia bundles were infected with AAV8-whirlin and expressed whirlin at the stereocilia tips. Scale bars represent 5 μm. in whrn wi/wi mice occurs first at the cochlear base and then progresses toward the apex. Hair cell death in whrn wi/wi mice occurs by an unknown mechanism, but it indicates that whirlin is required for hair cell homeostasis. IHC counts in whrn wi/wi cochleas that underwent AAV8-whirlin gene therapy revealed increased IHC survival in the whrn wi/wi cochleas that received AAV8-whirlin compared to contralateral ears that did not receive gene therapy (Figure 6) . The difference in IHC survival between the treated and nontreated ears was significant at the cochlear base (P < 0.001). Quantification revealed that over the entire cochlea ~13% of the surviving IHCs in whrn wi/wi ears that received AAV8-whirlin gene therapy showed whirlin expression at the stereocilia tips. However, when the cochleas from whirler mice that underwent AAV8-whirlin gene therapy were examined at P90, significant IHC loss in the basal turn was seen in both treated and nontreated ears. These data indicate that whirlin gene therapy increased IHC survival in the treated whrn wi/wi ears at P30, but this protection was not permanent.
Auditory function in whrn
wi/wi mice after whirlin gene therapy Whirler mice fail to develop normal hearing postnatally and are deaf throughout life. 20 Hearing function was assessed by auditory brainstem response (ABR) measurements in whrn wi/wi mice that received AAV8-whirlin gene therapy (Figure 7 ). An ABR threshold refers to the lowest sound pressure level (SPL) that can generate a reliable far-field electrical response. All ABR testing was done in animals between P30-P90. Hearing sensitivity in control mice was normal, as indicated by ABR thresholds below 40 dB SPL at all stimulus frequencies 26 (Figure 7) . Whirler mice without gene therapy are profoundly deaf, as indicated by absence of ABRs at the maximum stimulus intensity (90 dB SPL). Whirler mice that received whirlin gene therapy did not demonstrate improved hearing sensitivity at any frequency (Figure 7) . We performed ABR testing in these animals as early as P16 and did not observe measurable ABR thresholds. To assess whether AAV8-whirlin or the surgery itself caused an elevation in ABR thresholds, control and sham surgeries were performed in which AAV8-whirlin or carrier media alone (without AAV8-whirlin) was delivered to ears of wild-type and heterozygous littermates. In all controls, a small elevation of ABR thresholds (10-20 dB SPL relative to normal controls without surgery) was detected (Figure 7) . Similar ABR thresholds were observed in animals receiving AAV8-whirlin versus carrier media alone, suggesting that the mild ABR threshold elevation in these animals is largely caused by surgical trauma and not by the AAV8 and/or transgene.
DISCUSSION
Cochlear gene therapy offers the promise of a new treatment option for hereditary hearing loss. In this study, we demonstrated that infection of neonatal auditory hair cells in vivo using AAV8-whirlin cDNA is sufficient to restore the normal morphology of the stereocilia bundles in whirler mutant mice. To date, most studies of gene therapy of the inner ear have focused on delivering normal copies of the gene of interest to replace the underlying mutated gene. 27, 28 For example, AAV1 was used to deliver vesicular glutamate transporter-3 (Vglut3) cDNA to IHCs in the Vglut3 knock-out mouse. 27 The authors found that Vglut3 gene therapy with AAV8-whirlin) vs. the contralateral noninjected ears (Contralateral). The whrn wi/wi ears that underwent AAV8-whirlin gene therapy had increased IHC survival relative to the contralateral (no AAV8-whirlin) ears. This difference was significant at the cochlear base (P < 0.001). Error bars represent standard errors. n = the number of animals. 27 In another study, AAV2/1 was used to deliver Gjb2 cDNA to a conditional Gjb2 knock-out mouse. 28 Gjb2 gene therapy was found to restore gap junction function in infected cochlear supporting cells. 28 Improvement in auditory function was not observed in treated animals. While both of these studies demonstrate the promise of cochlear gene therapy, the hair cells in the mutant mice used in both of these studies have no intrinsic structural defects affecting stereocilia. Our study is the first to demonstrate the feasibility of gene therapy as a viable way of improving and sometimes restoring structural defects in stereocilia bundles of cochlear hair cells.
We found that when AAV8-whirlin gene therapy was delivered to cochleas of adult whrn wi/wi mice in vivo, whirlin expression was restored in infected IHCs; however, restoration of stereocilia length and row number was much less effective relative to mice that received gene therapy during the neonatal period. This decrease in the effectiveness of gene therapy in the adult mouse cochlea has been reported previously 27 and suggests that there may be a critical developmental period during which the mouse cochlea is amenable to gene therapy to repair structural defects in the stereocilia bundle.
One of the major challenges in cochlear gene therapy is achieving high rates of gene delivery (i.e., high infection efficiency). In this study, ~15% of IHCs were infected with AAV8-whirlin and showed whirlin expression at the stereocilia tips. We did not observe any OHCs with obvious AAV8-whirlin infection. The predilection of AAV8 for infecting IHCs is consistent with our previous study and the findings from others, 24, 29 and may be caused by the presence of a receptor and/or coreceptor on IHCs that is not expressed on OHCs. In addition, a previous study has shown that the promoter used can determine AAV infection specificity. 30 However, we believe that this is a less likely explanation for our study since we used the universal CMV promoter that is reported active in all cell types. Higher rates of IHC and OHC infection may be possible using other AAV serotypes and/or alternative promoters.
We utilized a method of sequential confocal microscopy followed by SEM microscopy to examine the same hair cells at both the protein expression/fluorescence and ultrastructural levels. Using this correlative SEM technique, we confirmed that the whrn wi/wi IHCs with elongated stereocilia expressed whirlin at the stereocilia tips. The whrn wi/wi IHCs with elongated stereocilia had normal architecture of the stereocilia bundle as well as a reduction in the number of supernumerary stereocilia rows. Combining these two methods allowed us to evaluate the structural details of the stereocilia bundles using SEM, while confirming whirlin expression using confocal microscopy.
We found that AAV8-whirlin gene therapy prolonged IHC survival at the cochlear basal turn in treated ears. This was assessed at approximately P30, when IHC degeneration is underway in the basal turn of whirler cochleas. Even though we observed higher IHC numbers at the middle and apical turns in the treated ears compared to the nontreated ears, the differences were not statistically significant. Although the treated ears had more surviving IHCs compared to the contralateral non-treated ears, not all surviving IHCs in the treated ears showed whirlin expression at the stereocilia tips. It is possible that AAV8-whirlin gene therapy caused variable levels of infection in the IHCs, with some showing high levels of infection and robust whirlin expression at the stereocilia tips, whereas others showing much lower levels of infection with no observable whirlin expression at the stereocilia tips. Despite the lack of whirlin expression at the stereocilia tips, this low level of AAV8-whirlin infection may be sufficient to prolong IHC survival. When we examined IHC survival at P90, there was significant IHC degeneration regardless of whether the ear received AAV8-whirlin or not. These data suggest that while AAV8-whirlin prolongs IHC survival, it does not prevent eventual degeneration. Increased cell survival was also observed in the Gjb2 gene therapy study, where the treated ears had prolonged spiral ganglion survival compared to the nontreated ears. 28 However, Gjb2 gene therapy had no effect on improving hair call survival. To the best of our knowledge, our study is one of the first to show increased hair cell survival using a gene therapy approach in the setting of hereditary hearing loss.
Examination of auditory function in wild-type and heterozygous littermates that underwent AAV8-whirlin injections revealed a small ABR threshold shift (8-20 dB SPL) compared to normal controls that did not undergo cochlear gene delivery. Animals that underwent sham surgery demonstrated similar ABR threshold shifts, indicating that the hearing loss in these animals is likely caused by surgical trauma instead of AAV8 or the transgene. It may be possible to reduce the surgical trauma associated with cochlear gene delivery by injecting smaller volumes of viral solution to the cochlea, modifying the injection rate, and/or providing otoprotective agents such as dexamethasone in the perioperative period. 31 Although AAV8-whirlin gene therapy restored stereocilia architecture in the infected whrn wi/wi IHCs and prolonged IHC survival, we did not see any improvement in hearing sensitivity in these animals. Several factors may have contributed to the lack of functional recovery after AAV8-whirlin gene therapy. First is Figure 7 AAV8-whirlin did not restore hearing in whirler mice. In both the whrn wi/wi ears injected with AAV8-whirlin (whrn wi/wi with AAV8-whirlin) and untreated whrn wi/wi ears (whrn wi/wi no surgery), no auditory brainstem responses (NR) were detected even at 90 dB sound pressure level. Control mice that underwent AAV8-whirlin gene therapy or sham surgery had a small elevation in ABR thresholds in all three frequencies tested. n = the number of animals. All ABR testing was done at age P30 to P90. IHCs expressed whirlin at the stereocilia tips after gene therapy. This infection rate may be insufficient for hearing recovery. Second, primarily the IHCs were infected by AAV-8, whereas functional inner and outer hair cells are required for normal auditory function. 32 Third, while AAV8-whirlin was delivered to the whrn wi/wi cochlea as early as P1 in our study, irreversible damage to cochlear hair cells may have already occurred, such that even the restoration of whirlin expression by the AAV8-whirlin was not sufficient for hearing restoration. Fourth, our study utilized the long isoform of whirlin cDNA, whereas the whirler mutation affects both long and short whirlin isoforms. 12 The long isoform of whirlin was selected for our study because a previous study had shown that the long isoform is sufficient to restore stereocilia length in whrn wi/wi hair cells in vitro. 8 The short isoform of whirlin may also be important for either maintaining the normal morphology of stereocilia bundles or it may have some other function that is critical for hearing. Finally, it is possible that whirlin is required elsewhere in the auditory pathway, and restoration of expression in the cochlea is not sufficient to recover normal function.
Gene therapy using AAV8-whirlin restored whirlin expression at the stereocilia tips in infected whrn wi/wi IHCs. The infected IHCs demonstrated restoration of stereocilia length and bundle architecture. In addition, our data indicate that whirlin gene therapy prolonged IHC survival in the treated whrn wi/wi ears. This proofof-concept study demonstrates that cochlear gene therapy can be effective at restoring structural defects in IHCs in a mouse model of human hereditary hearing loss.
MATERIALS AND METHODS
Study design.
We examined whether AAV8-whirlin gene therapy can restore stereocilia defects in the whrn wi/wi cochlea. AAV8-whirlin was injected into the left ears of whrn wi/wi mice. Normal controls include wildtype (whrn +/+ ) and heterozygous (whrn wi/+ ) littermates. The contralateral nonsurgery ears in mice are used as whrn wi/wi nonsurgery controls. The mice were examined up to 90 days after gene therapy delivery. In each animal, hearing sensitivity was assessed using ABR at P30 to P90. Whirlin expression and localization were examined using confocal microscopy. Stereocilia morphology and architecture were examined using both confocal microscopy and SEM.
AAV vector construction. Purified serotype 2/8 AAV vectors (AAV8) carrying the long isoform of whirlin cDNA (NCBI accession number AY739114) driven by a CMV promoter (AAV8-whirlin) were constructed by Vector Biolabs (Malvern, PA). The long isoform of whirlin cDNA is 2,724 bp, which is within the limit of the AAV carrying capacity of ~4,500 bp. The AAV8 vector was selected based on its high hair cell infection efficiency. 24 The stock concentration of purified AAV8-whirlin was approximately 1 × 10 13 genome copies (gc) per ml. The AAV8-GFP vector was purchased from Vector Biolabs. The GFP DNA insert was driven by a CMV promoter.
Animal surgery for cochlear gene therapy. All aspects of the animal research are approved by the Animal Care and Use Committee at the National Institute on Deafness and Other Communication Disorders (NIDCD ASP#1378-15). The whrn wi/wi mice and control homozygous wildtype and heterozygous littermates between P1-5 were used in this study. Heterozygous (whrn +/wi ) animals have normal stereocilia morphology and normal auditory and vestibular functions, and they have been utilized as normal controls in previous studies. 12, 21 The surgical approach we used to access the neonatal mouse cochlea was modified slightly from that of Akil et al. 27 Neonatal mice were anesthetized using hypothermia, where their body temperature was temporarily lowered to 6 °C. Once the appropriate level of anesthesia was confirmed, a 5-mm postauricular incision was made from approximately 2 mm posterior to the auricular crease. The submandibular gland was reflected gently to expose the underlying neck muscles. The facial nerve was identified and traced to the area of the auditory bulla. During the neonatal period, the bulla is cartilaginous and transparent and the round window membrane is easily identified. A glass micropipette containing AAV8-whirlin was advanced through the bulla into the round window membrane of the cochlea (Figure 1 ) using a Sutter MM-33 micromanipulator (Sutter Instrument, Novato, CA). A Nanoliter Microinjection System (model Nanoliter2000, World Precision Instruments, Sarasota, FL) was used to deliver 5 × 10 9 gc of AAV8-whirlin into the scala tympani at an injection speed of 40-50 nl/second. A total of 10 injections (400-500 nl) were delivered to each ear. We have tried doubling the volume of AAV8-whirlin injections to ~1,000 nl (~1 × 10 10 gc) but did not observe any increase in the number of IHCs infected. After injections were completed, the glass micropipette was carefully withdrawn from the cochlea using the micromanipulator, and the skin was closed with sutures. The animals were placed on a covered heating pad to recover from hypothermia. The total surgery time was approximately 10 minutes per animal.
We also performed AAV8-whirlin injections in adult whrn wi/wi mice and control homozygous wild-type and heterozygous littermates (~P30). Anesthesia in adult mice was done using isoflurane. The surgical approach used in adult mice was similar to the approach described above for neonatal mice, except the bulla was opened to expose the round window membrane for injections.
Auditory testing. Auditory brainstem response (ABR) testing was used to evaluate hearing sensitivity between postnatal day 30 (P30) and P90. Animals were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) via intraperitoneal injections and placed on a warming pad inside a sound booth (ETS-Lindgren Acoustic Systems, Cedar Park, TX). The animal's temperature was maintained using a closed feedback loop and monitored using a rectal probe (CWE Incorporated, TC-1000, Ardmore, PN). Subdermal needle electrodes were inserted at the vertex (+) and test-ear mastoid (−) with a ground electrode under the contralateral ear. Stimulus generation and ABR recordings were completed using Tucker Davis Technologies hardware (RZ6 Multi I/O Processor, TuckerDavis Technologies, Gainesville, FL) and software (BioSigRx, v.5.1). ABR thresholds were measured at 4, 8, 16, and 32 kHz using 3-ms, Blackmangated tone pips presented at 29.9/second with alternating stimulus polarity. At each stimulus level, 512-1,024 responses were averaged. Thresholds were determined by visual inspection of the waveforms and were defined as the lowest stimulus level at which any wave could be reliably detected. A minimum of two waveforms was obtained at the threshold level to ensure repeatability of the response. Physiological results were analyzed for individual frequencies, and then averaged for each of these frequencies from 4 to 32 kHz.
Immunohistochemistry and stereocilia length measurements. After completion of ABR testing, mice were euthanized by CO 2 asphyxiation followed by decapitation. Temporal bones were harvested and fixed overnight with 4% paraformaldehyde followed by decalcification in 120 mmol/l EDTA for 4 days. The cochlear sensory epithelia were micro-dissected, blocked, and labeled with mouse anti-myosin 7a antibody to label hair cells (1:250, Developmental Studies Hybridoma Bank), and rabbit anti-whirlin antibody at 1:300, as previously reported. 8 Primary and secondary antibodies were diluted in PBS. Rhodamine-conjugated phalloidin was used to label filamentous actin in stereocilia (1:50; Life Technologies, Carlsbad, CA). Images were obtained using a Zeiss LSM780 confocal microscope at 10× and 63× using z-stacks (~0.3 and 3 μm thickness, respectively). Stereocilia length measurements were performed on rhodamine-phalloidin stained stereocilia using Volocity 3D image analysis software (PerkinElmer, Waltham, MA). This allowed for 3D rendering of stereocilia to facilitate stereocilia length measurement. On each IHC, five stereocilia were measured and the values were averaged. Only stereocilia from the tallest row were measured because it is the most prominent and easiest to observe on confocal images, and therefore the measurements are most reliable and precise.
SEM.
The microdissected cochlea sensory epithelia fixed in 4% paraformaldehyde in 1× HBSS supplemented with calcium and magnesium and processed for immunocytochemistry were carefully dismounted from the slides and washed in 0.1 M sodium cacodylate buffer followed by immersion in fixative solution containing 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.3 with 2 mmol/l CaCl 2 for 2 hours at room temperature. Then samples were washed in cacodylate buffer three times 5 minutes each, rinsed in distilled water and dehydrated in graded series of ethanol (EtOH). Specimens were then transferred from 100% EtOH to 100% acetone, placed into metal mesh baskets (Ted Pella, Redding, CA), critical point dried from liquid CO 2 (CPD030 Critical Point Dryer, BAL-TEC AG, Florida), and finally sputter-coated with 4-nm thick platinum using turbo-pumped sputter coater Q150T (Quorum Technologies, UK). Samples were mounted on aluminum studs (Electron Microscopy Sciences, Hatfield, PA) and imaged using a field emission scanning electron microscope (S-4800, Hitachi, Japan). When samples were not immunostained prior to SEM analysis, the microdissected organ of Corti samples were immersed directly in fixative solution mentioned above and the rest of the processing was identical.
Statistics. Student's t-test
was used to analyze data on stereocilia length, row number, and IHC survival. A one-way analysis of variance was used for analyses of infection efficiency and ABR data. Statistical significance was defined as a P < 0.05. Figure S1 . Stereocilia length and row number are not restored in whirler mice that received AAV8-whirlin gene therapy as adults. Figure S2 . AAV8-whirlin infected primarily IHCs.
SUPPLEMENTARY MATERIAL
